25 DNA replication occurs on mammalian chromosomes in a cell-type distinctive temporal 26 order known as the replication timing program. We previously found that disruption of the 27 noncanonical lncRNA genes ASAR6 and ASAR15 results in delayed replication timing 28 and delayed mitotic chromosome condensation of human chromosome 6 and 15, 29 respectively. ASAR6 and ASAR15 display random monoallelic expression, and display 30 asynchronous replication between alleles that is coordinated with other random 31 monoallelic genes on their respective chromosomes. Disruption of the expressed allele, 32 but not the silent allele, of ASAR6 leads to delayed replication, activation of the previously 33 silent alleles of linked monoallelic genes, and structural instability of human chromosome 34 6. In this report, we describe a second lncRNA gene (ASAR6-141) on human 35 chromosome 6 that when disrupted results in delayed replication timing in cis. ASAR6-36 141 is subject to random monoallelic expression and asynchronous replication, and is 37 expressed from the opposite chromosome 6 homolog as ASAR6. ASAR6-141 RNA, like 38 ASAR6 and ASAR15 RNAs, contains a high L1 content and remains associated with the 39 chromosome territory where it is transcribed. Three classes of cis-acting elements control 40 proper chromosome function in mammals: origins of replication, centromeres; and 41 telomeres, which are responsible for replication, segregation and stability of all 42 chromosomes. Our work supports a fourth type of essential chromosomal element, 43 "Inactivation/Stability Centers", which express ASAR lncRNAs responsible for proper 44 replication timing, monoallelic expression, and structural stability of each chromosome. 45 3 46 Author summary 47 Mammalian cells replicate their chromosomes during a highly ordered and cell type-48 specific program. Genetic studies have identified two long non-coding RNA genes, 49 ASAR6 and ASAR15, as critical regulators of the replication timing program of human 50 chromosomes 6 and 15, respectively. There are several unusual characteristics of the 51 ASAR6 and ASAR15 RNAs that distinguish them from other long non-coding RNAs, 52 including: being very long (>200 kb), lacking splicing of the transcripts, lacking 53 polyadenylation, and being retained in the nucleus on the chromosomes where they are 54 made. ASAR6 and ASAR15 also have the unusual property of being expressed from only 55 one copy of the two genes located on homologous chromosome pairs. Using these 56 unusual characteristics shared between ASAR6 and ASAR15, we have identified a 57 second ASAR lncRNA gene located on human chromosome 6, which we have named 58 ASAR6-141. ASAR6-141 is expressed from the opposite chromosome 6 homolog as 59 ASAR6, and disruption of the expressed allele results in delayed replication of 60 chromosome 6. ASAR6-141 RNA had previously been annotated as vlinc273. The very 61 long intergenic non-coding (vlinc)RNAs represent a recently annotated class of RNAs that 62 are long (>50 kb), non-spliced, and non-polyadenlyated nuclear RNAs. There are 63 currently >2,700 vlincRNAs expressed from every chromosome, are encoded by >15% 64 of the human genome, and with a few exceptions have no known function. Our results 65 suggest the intriguing possibility that the vlinc class of RNAs may be functioning to control 66 the replication timing program of all human chromosomes.
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175 HTD114, which we arbitrarily name as CHR6A and CHR6B. Using these mono-176 chromosomal hybrids, we previously found that ASAR6 is expressed from CHR6A [6] .
177 Sequence traces generated from genomic DNA isolated from these mono-chromosomal 178 hybrids indicated that the vlinc273 transcripts are derived from CHR6B ( Fig. 2A) , and 179 therefore are expressed from the opposite chromosome, or in trans, to ASAR6. 180 We next assayed expression of the vlincRNA cluster using RNA-DNA FISH in HTD114 181 cells. For this analysis we used five different Fosmid probes to detect RNA (see Fig. 1 ), 182 plus a chromosome 6 centromeric probe to detect DNA. As expected from the RNA-seq 183 analysis, we did not detect expression from the genomic regions annotated as vlinc1012
184 and vlinc272 in HTD114 cells (not shown). In contrast, we detected expression of RNA, 185 annotated as vinc273, that remains associated with one of the chromosome 6 homologs.
186 Figure 2b- 201 Therefore, to distinguish between these possibilities, we first determined if vlinc273 is 202 monoallelically expressed in EBV transformed lymphoblasts, which have been used 203 extensively in the analysis of autosomal monoallelic expression in humans [6, 8, 17, 20] .
204 For this analysis, we used RNA-DNA FISH to assay expression of vlinc273 in GM12878
205 cells. For this analysis we used Fosmid probes to detect RNA (see Fig. 1 ), plus a 206 chromosome 6 centromeric probe to detect DNA. We detected single sites of vlinc273
207 RNA hybridization in >95% of GM12878 cells (see 11 220 detected by the KCNQ5 and vlinc273 probes were variable, ranging from large clouds to 221 relatively small sites of hybridization. We also detected two sites of hybridization for both 222 probes in ~2% of cells ( Fig. 3J ). Finally, to directly compare the appearance of the RNA 223 FISH signals detected for vlinc273 to XIST RNA expressed from the inactive X 224 chromosome we assayed vlinc273 and XIST RNAs simultaneously in female PBLs.
225 Figure 3k and 3i show the clouds of RNA detected by the vlinc273 probe in relation to the 226 relatively larger clouds of RNA hybridization detected by the XIST probe.
227
228 Asynchronous replication of vlinc273 is coordinated on chromosome 6.
229
All monoallelically expressed genes share the property of asynchronous replication 246 We found that the vlinc273 alleles were subject to asynchronous replication that is 247 coordinated in cis with ASAR6 ( Fig. 4B-D; and Table 1 ). Therefore, because the 248 asynchronous replication of ASAR6 is coordinated with other random monoallelic loci on 249 chromosome 6 [6, 20], we conclude that the vlinc273 locus is part of a chromosome-wide 250 system that coordinates the asynchronous replication of random monoallelic loci on 251 chromosome 6.
252
One shared characteristic of the ASAR6 and ASAR15 genes is that the silent alleles 253 replicate before the expressed alleles on their respective chromosomes [6, 7, 20] .
254 Therefore, one unanticipated result from our ReTiSH assay is that asynchronous 255 replication of vlinc273 and ASAR6 is coordinated in cis. Thus, the earlier replicating 256 vlinc273 allele is on the same homolog as the earlier replicating ASAR6 allele. Therefore, 257 to determine if the asynchronous replication of vlinc273 and ASAR6 is also coordinated in 258 cis in HTD114 cells, where they are expressed from opposite homologs (see Fig. 2 ), we 259 analyzed the asynchronous replication of vlinc273 and ASAR6 using the same three color 267 2A). Regardless, we found that the vlinc273 locus is subject to random monoallelic 268 expression and asynchronous replication that is coordinated with other random 269 monoallelic loci on chromosome 6 and therefore vlinc273 is subject to PRME. 
272
To determine if the genomic region containing the vlincRNA cluster located on 273 chromosome 6 at 140.2-141.3 mb (see Fig. 1 ) regulates replication timing, we used 274 CRISPR/Cas9 to delete the entire locus in HTD114 cells. For this analysis we designed 275 single guide RNAs (sgRNAs) to unique sequences as shown in Fig 1. We expressed 276 sgRNA-1 and sgRNA-3 in combination with Cas9 and screened clones for deletions using 277 PCR primers that flank the sgRNA binding sites (see Fig. 1 and Table S2 ). Because 278 vlinc273 expression is monoallelic in HTD114 cells (see Fig. 2 ), we isolated clones that 279 had heterozygous deletions affecting either CHR6A or CHR6B. We determined which 280 allele was deleted based on retention of the different base pairs of heterozygous SNPs 281 located within the deleted regions (see Table S2 ).
282
From our previous studies, we knew that prior to any genetic alterations the 283 chromosome 6 homologs replicate synchronously in HTD114 cells [5, 6, 20, 26] . In 284 addition, we also took advantage of the centromeric polymorphism in HTD114 cells to 290 BrdU incorporation and subjected to FISH using a chromosome 6 centromeric probe. As 291 expected, prior to disruption of the vlinc cluster, CHR6A and CHR6B display synchronous 292 replication (see Fig. 5F below) . In contrast, cells containing a deletion of the vlinc cluster 293 on CHR6B contain significantly more BrdU incorporation into CHR6B than in CHR6A ( Fig.   294 5A-E). Quantification of the BrdU incorporation in multiple cells indicated that deletion of 295 the CHR6B allele, which contains the expressed allele of vlinc273, results in a significant 296 delay in replication timing (Fig. 5F ). This is in contrast to cells containing a deletion of the 297 vlinc cluster from the CHR6A allele, which is silent for all 6 vlincRNAs, where the BrdU 298 incorporation is comparable between CHR6A and CHR6B (Fig. 5F ). In addition, replication 299 timing analysis of heterozygous deletions encompassing only the vlinc273 locus (using 300 sgRNA-2 and sgRNA-3) indicated that deletion of the expressed allele (CHR6B), but not 301 the silent allele (CHR6A), resulted in delayed replication of chromosome 6 ( Fig. 5F ).
302 Finally, deletion of the vlinc271, vlinc1010, vlinc1011, vlinc1012 and vlinc272 loci (using 303 sgRNA-1 and sgRNA-2) on CHR6B, did not result in delayed replication of chromosome 304 6 ( Fig. 5F ). For an additional comparison, we included the chromosome 6 replication timing 305 data from HTD114 cells containing heterozygous deletions of ASAR6 on the expressed 306 allele (CHR6A) and on the silent allele (CHR6B) ( Fig. 5F ; also see Fig. S1 ). Taken together 307 these results indicate that deletion of the expressed allele of vlinc273 results in delayed 308 replication of chromosome 6 in cis, and because vlinc273 also displays PRME, the 309 vlinc273 locus is an ASAR. Because vlinc273 is the second ASAR identified on human 310 chromosome 6 and is located at ~141 mb, we designate this gene as ASAR6-141. 
